Several species of the genus Candida decode the standard leucine CUG codon as serine. This and other deviations from the standard genetic code in both nuclear and mitochondrial genomes invalidate the notion that the genetic code is frozen and universal and prompt the questions 'why alternative genetic codes evolved and, more importantly, how can an organism survive a genetic code change?' To address these two questions, we have attempted to reconstruct the early stages of Candida albicans CUG reassignment in the closely related yeast Saccharomyces cerevisiae. These studies suggest that this genetic code change was driven by selection using a molecular mechanism that requires CUG ambiguity. Such codon ambiguity induced a significant decrease in fitness, indicating that CUG reassignment can only be selected if it introduces an evolutionary edge to counteract the negative impact of ambiguity. We have shown that CUG ambiguity induces the expression of a novel set of stress proteins and triggers the general stress response, which, in turn, creates a competitive edge under stress conditions. In addition, CUG ambiguity in S. cerevisiae induces the expression of a number of novel phenotypes that mimic the natural resistance to stress characteristic of C. albicans. The identification of an evolutionary advantage created by CUG ambiguity is the first experimental evidence for a genetic code change driven by selection and suggests a novel role for codon reassignment in the adaptation to new ecological niches.
Introduction
During the last 20 years, a number of alterations to the standard genetic code have been found in both prokaryotes and eukaryotes. In prokaryotes, there are two types of genetic code changes, i.e. the reassignment of the UGA stop codon to tryptophan in Mycoplasma and Spiroplasma and the non-assignment of the ar-CGG codon in Mycoplasma and the arg-AGA and Ile-AUA codons in Micrococcus. In contrast, non-plant mitochondrial systems display a richer variety of genetic code changes, ranging from reassignment of the UGA stop codon to tryptophan and the Ile-AUA codon to methionine, which occur in vertebrates, some invertebrates and yeasts. Among all mitochondrial genetic code changes, the arg-AGA /G codons are particularly interesting in that they have different assignments in different organisms. For example, AGA /G codes for serine in arthropods, molluscs, nematodes and platyhelminths, and for glycine in echinoderms and translation termination in vertebrates (reviewed by Osawa, 1995) . Some lower eukaryotes also have reassigned codons in their nuclear genetic code, which fall into two categories. That is, several fungal species of the genus Candida translate the standard leucine CUG codon as serine (Santos et al., 1997) , and some ciliate species translate the standard UAG and UAA stop codons as glutamine (Horowitz and Gorovsky, 1985) and the UGA stop codon as cysteine (Meyer et al., 1991) . The spectrum of genetic code alterations is increased further by the non-assignment of the arg-CGG codon in Mycoplasma capricolum and the arg-AGA and Ile-AUA codons in Micrococcus luteus (Oba et al., 1991; Kano et al., 1993) , the use of alternative initiation codons in various nuclear and mitochondrial genomes (Hann et al., 1988; Pritchard et al., 1990) and by UGA recoding as selenocysteine in both prokaryotic (Zinoni et al., 1987) and eukaryotic selenoprotein mRNAs (Chambers et al., 1986) . The unexpected finding that several organisms and organelles have evolved alternative genetic codes invalidates the notion that the genetic code is frozen and universal (Crick, 1968) and suggests that the evolution of alternative genetic codes is of physiological significance and may play an important role in the evolution of the species that experience them. However, with the exception of UGA recoding as selenocysteine, no evolutionary advantage has yet been attributed to any genetic code alteration in either nuclear or mitochondrial genomes, suggesting that genetic code changes evolve through neutral mechanisms. This apparent contradiction has resulted in two distinct codon reassignment theories being put forward: the neutral 'codon capture theory' (Osawa et al., 1992; Osawa, 1995) ; and the selectiondriven 'ambiguous intermediate theory' (Schultz and Yarus, 1994; 1996) .
The neutral 'codon capture theory' was developed from the observation that variations in the genome content of GC pairs influence codon usage and that extreme AT or GC pressures can force codons to disappear (Osawa et al., 1992; Osawa, 1995) . The theory is substantiated by the non-assignment of the arg-CGG codon in Mycoplasma capricolum, whose genome is 25% GC, and the nonassignment of the arg-AGA and Ile-AUA codons in Micrococcus luteus, whose genome is 75% GC (Oba et al., 1991; Kano et al., 1993) . The theory postulates that nonassigned codons can reappear at a later stage with a different meaning, by back mutation of near-cognate codons, if they are captured by near-cognate tRNAs. The theory assumes that genetic code changes are harmful rather than being advantageous and, therefore, codon disappearance must occur before reassignment. In contrast, the 'ambiguous intermediate theory' postulates that genetic code changes are not neutral, but rather, are driven by selection, using a mechanism that requires codon ambiguity (Schultz and Yarus, 1994; 1996) . The theory postulates that tRNA species that misread near-cognate codons can gradually take them over from their cognate tRNAs or release factors and assumes that codon ambiguity is not lethal. However, the theory fails to explain how organisms counteract the negative effects of codon ambiguity and does not predict what kind of selective advantage could arise from genetic code alterations.
Studies carried out in our and other laboratories indicate that CUG reassignment in Candida spp. was driven by selection using a mechanism that required codon ambiguity ( Fig. 1) , as postulated by the 'ambiguous intermediate theory' (Santos et al., 1997; Yarus and Schultz, 1997) . Three main observations support this evolutionary pathway. First, the ser-tRNA CAG species that decode CUG as serine in C. zeylanoides can be charged in vivo and in vitro with both leucine and serine (Suzuki et al., 1997) , and the C. albicans ser-tRNA CAG also has dual identity in vitro (Santos, 1992) , i.e. the CUG codon in certain Candida spp. is still ambiguous. Secondly, all ser-tRNA CAG have an unusual anticodon structure that lowers its decoding efficiency and minimizes the negative impact of ser-CUG decoding (Santos et al., 1996; A. Cloverleaf structure of the C. albicans ser-tRNA CAG , which decodes the CUG codon as serine. The arrow indicates the position of the unique guanosine at position 33 in the anticodon loop. B. Diagram showing that tRNA mutation, in particular G-33, created a new ser-tRNA species that decoded the CUG codon. The model assumes that this initial step was advantageous and that additional mutations were required for efficient decoding of the CUG codon as serine (Santos et al., 1997) . Full reassignment required elimination of the leu-tRNA that decoded the CUG codon. disappearance can only occur under very strong AT pressure, but the AT content of the genome of Candida spp. varies between 37% and 64%, suggesting that they have not been exposed to extreme AT pressure as required for codon disappearance. More importantly, recent analysis of the S. cerevisiae genome shows significant interand intrachromosome GC variations (Goffeau et al., 1997) , suggesting that biased AT pressure alone could not have eliminated all CUG codons from the Candida spp. genome. However, the possibility that biased AT pressure might have influenced the frequency of CUG usage should not be excluded. That C. albicans has a slightly lower genome GC content than S. cerevisiae (36.6% and 40% respectively) and that CUG is used less frequently in C. albicans (Nakamura et al., 1997) supports the hypothesis that biased GC content might have reduced CUG usage in C. albicans. Low CUG usage would have minimized the toxic effects of reassignment and, therefore, biased AT pressure could also have played an important role in CUG reassignment (Santos et al., 1997) .
If we accept that the CUG codon was reassigned through ambiguous decoding, we are left with two important questions to answer: 'What evolutionary advantages can CUG ambiguity introduce to allow for its selection? and How did Candida spp. counteract the negative effect of translational misreading?' As answering these questions is crucial if we are to elucidate the molecular mechanism of CUG reassignment and the role of genetic code alterations in the evolution of the organisms that experience them, we have attempted to reconstruct the early stages of this genetic code change in the closely related yeast species S. cerevisiae. The data show conclusively that serine-CUG decoding in S. cerevisiae triggers the general stress response and induces the expression of a unique set of stress proteins. Cells expressing CUG ambiguity are stress tolerant and grow under physiological conditions that are otherwise lethal to wild-type S. cerevisiae. Remarkably, S. cerevisiae expressing the C. albicans sertRNA CAG mimic the constitutive resistance of C. albicans to stress, suggesting that the latter might have evolved as a consequence of CUG reassignment. The evolutionary edge created by CUG ambiguity provides the first experimental evidence for a genetic code change driven by selection and identifies a potential role for C. albicans adaptation to new ecological niches. Furthermore, such induced tolerance to oxidants and high temperature could have played a key role in host colonization and therefore in the evolution of Candida pathogenesis.
Results

Experimental model
Our previous studies have shown that the expression of the C. albicans ser-tRNA CAG in S. cerevisiae is detrimental to growth (Santos et al., 1996) and, consequently, CUG reassignment through codon ambiguity ( Fig. 1A and B) should introduce some evolutionary advantage to counteract its negative impact on fitness. We reasoned that the accumulation of misfolded and/or aggregated proteins as a result of CUG ambiguity would trigger a constitutive stress response and thus provide permanent preadaptation to sudden and severe environmental challenges. As direct comparison of the performance of cells expressing and not expressing CUG ambiguity would allow us to determine if preadaptation created such a competitive edge, we reasoned that reconstruction of the early stages of CUG reassignment in the closely related yeast species S. cerevisiae would provide important insights into how and why Candida spp. reassigned the CUG codon. That C. albicans and S. cerevisiae have very similar codon usage and genome GC contents (36% and 40% GC respectively) and, more importantly, that the CUG codon is used with similar frequencies in both species makes S. cerevisiae an ideal candidate host for these studies.
CUG ambiguity induces a novel set of stress proteins and the general stress response Our previous studies have shown that single-copy expression of the C. albicans ser-tRNA CAG in S. cerevisiae reduces growth rate by 50% and induces thermotolerance and expression of the major heat shock proteins Hsp104 and Hsp70, indicating that CUG ambiguity triggers the stress response (Santos et al., 1996) . In order to shed more light on how S. cerevisiae responds to CUG miscoding and to determine its impact on the proteome, we carried out a detailed comparative analysis of the S. cerevisiae proteome in the presence and absence of CUG codon ambiguity. For this, proteins, pulse labelled with [ 35 S]-methionine, were analysed by two-dimensional PAGE and autoradiography (Fig. 2) . Comparison of the twodimensional proteome patterns showed that CUG ambiguity induced or increased the expression of at least 10 proteins ( Fig. 2A and C) , but that only two of these 10 proteins were also induced by heat shock (Fig. 2E ). This indicated that the stress response triggered by CUG ambiguity is distinct from that induced by heat shock. With the exception of Hsp-104 and Hsp-70 (Santos et al., 1996) , the identity of the remaining eight proteins induced by CUG ambiguity is not yet known. That the levels of Hsp-90, Hsp-60 and Hsp-26 were not altered by CUG ambiguity (data not shown) and that S. cerevisiae cells expressing the C. albicans ser-tRNA CAG responded to heat shock by inducing the expression of 30 other stress proteins, 12 of which are not induced by heat shock in the control cells (Fig. 2B, D and E) , gives further weight to the hypothesis that the stress responses induced by genetic code ambiguity and heat shock are distinct. This is in agreement with other studies, which show that different stress agents induce different stress responses and that the set of proteins induced by stress depends on the chemical and physical nature of the stress agent used (reviewed by Siderius and Mager, 1997) .
Interestingly, S. cerevisiae cells expressing the C. albicans ser-tRNA CAG and control cells exposed to heat shock both showed a significant decrease in the number of proteins detectable by two-dimensional gel analysis ( Fig. 2A-C ). This indicates that codon ambiguity and heat shock also repress gene expression in a similar manner and that cells expressing a constitutive stress response can survive with an altered proteome. Furthermore, S. cerevisiae cells expressing CUG codon ambiguity had a significantly reduced rate of protein synthesis but, most remarkably, no further reduction was observed upon exposure to heat shock (data not shown). The molecular mechanism by which CUG ambiguity decreases the rate of protein synthesis and induces the expression of a stress-tolerant translation machinery remains to be established. Nevertheless, our findings suggest that a constitutive stress response is an important mechanism of preadaptation to sudden and severe environmental changes, as an additional stress such as heat shock does inhibit protein synthesis.
Genetic code ambiguity induces preadaptation and increases survival potential under stress Exposure of S. cerevisiae to a single stress agent often induces cross-protection to other forms of stress (reviewed by Siderius and Mager, 1997) . Therefore, we investigated whether a constitutive stress response resulting from CUG ambiguity would also allow for cross-protection against a wide range of environmental challenges. For this, S. cerevisiae cells were exposed to high doses of oxidants and c.p.m. of radioactive protein were loaded per gel. Autoradiographs are shown of second-dimension 12-14% gradient gels exposed for 16 h. To ensure that the alterations in gene expression observed on the two-dimensional gel map were not an artifact of electrophoresis, three independent gels were run for each protein sample. A. Proteome of S. cerevisiae AS24 transformed with plasmid pUKC707-control. B. Effect of heat shock on the proteome of AS24/ pUKC707-control. C. Effect of the expression of the C. albicans ser-tRNA CAG on the proteome of AS24. D. Effect of heat shock on the proteome of AS24/ pUKC702-tRNA. E. Composite two-dimensional map of (A), (B), (C) and (D), showing the proteins whose expression is increased by heat shock and CUG ambiguity. In (B) and (C), proteins whose expression is increased or induced by heat shock are circled. Proteins highlighted in (A) are those whose expression is affected by CUG ambiguity. These proteins are also circled in (C). Proteins whose expression is altered by CUG ambiguity and/or heat shock were identified by aligning the heat shock and CUG ambiguity two-dimensional gel images (B, C and D) with the two-dimensional gel images of non-stressed control cells (A). The symbol X indicates proteins whose overexpression is unique to S. cerevisiae/ pUKC702-tRNA at 23ЊC, 5 S. cerevisiae/ pUKC702-tRNA at 23ЊC and S. cerevisiae/ 707-control heat shocked and O S. cerevisiae/pUKC702-tRNA heat shocked.
hyperosmotic media, and cell viability was determined. The data show that CUG ambiguity induces tolerance to high doses of O 2 ¹ , H 2 O 2 and NaCl ( Fig. 3A-C) . Survival of S. cerevisiae cells transformed with a single copy of the C. albicans ser-tRNA CAG increased by 50% after a 45 min exposure to 4 mM of the superoxide anion generator plumbagin, and by 58% after incubation for the same period of time in the presence of 1 mM H 2 O 2 ( Fig. 3A and B) . A similar result was obtained when cells were exposed to 1.5 M NaCl (Fig. 3C) . Interestingly, this stress tolerance induced by CUG ambiguity in S. cerevisiae is very similar to the tolerance displayed by C. albicans to the same stress agents compared with control S. cerevisiae cells (Fig. 3A and B) .
To elucidate the nature of this resistance to stress at the molecular level, we carried out a comparative analysis of the activity levels of the proteins involved in protection against oxidants in C. albicans and S. cerevisiae, i.e. the superoxide dismutases CuZnSOD and MnSOD. The activity of MnSOD is higher in C. albicans than in S. cerevisiae under normal growth conditions, which correlates well with the higher resistance of C. albicans to superoxide (Fig.  4A) . Interestingly, CUG ambiguity in S. cerevisiae resulted in an increase in MnSOD and CuZnSOD activity of 119% and 10% respectively. However, the mRNA levels of the SOD1 and SOD2 genes, which encode CuZnSOD and MnSOD, respectively, did not correlate with the increase in enzymatic activity (Fig. 4A and B) . The levels of SOD1 mRNA increased by 30% in cells expressing CUG ambiguity, but the activity of CuZnSOD increased by only 10%. More importantly, the levels of SOD2 mRNA were unchanged, whereas MnSOD activity increased by 119% ( Fig. 4A and B) , suggesting that the expression of these two enzymes, and in particular MnSOD, is regulated at the post-transcriptional level. The SOD2 gene encodes six CUG codons (Marres et al., 1985) and, therefore, the observed activity of MnSOD may not be an accurate measure of the level of post-transcriptional derepression of SOD2, because ser-CUG misreading should increase MnSOD turnover as demonstrated previously using an E. coli ␤-galactosidase reporter gene (Santos et al., 1996) . In contrast, the SOD1 gene does not encode CUG codons (Bermingham et al., 1988) , indicating that CuZnSOD activity is not affected by ser-CUG decoding. That the level of activity of MnSOD and CuZnSOD in S. cerevisiae expressing the ser-tRNA CAG correlated well with the higher activity of those two enzymes in C. albicans (Jamieson et al., 1996) supports our hypothesis that the natural resistance of C. albicans to stress might have evolved as a consequence of CUG reassignment.
ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 937-947 Fig. 3 . Effect of CUG ambiguity on the acquisition of stress tolerance in Saccharomyces cerevisiae. Acquisition of tolerance to stress by yeast cells expressing CUG ambiguity was quantified by exposing S. cerevisiae AS24, transformed with pUKC707-control and pUKC702-tRNA, to increasing doses of oxidants and hyperosmotic media and determining the percentage of cells that survived the treatment. Cultures were grown at 30ЊC in minimal media without leucine to an OD 600 of 0.6 and then exposed for 45 min to increasing concentrations of (A) plumbagin, (B) hydrogen peroxide and (C) NaCl. After exposure to these stress agents, cells were washed and plated immediately on YEPD/ agar and incubated for 48 h at 30ЊC. The percentage values shown are an average of five independent experiments. C. albicans was treated in the same way. The symbols O and B represent S. cerevisiae AS24 transformed with pUKC707-control and pUKC702-tRNA, respectively; ࡗ represents C. albicans 2005E.
Codon ambiguity allows for colonization of new ecological niches
The data discussed above and the thermotolerance data obtained previously (Santos et al., 1996) indicates that codon ambiguity allows S. cerevisiae to acquire a longterm preadaptation condition, which should significantly increase survival potential upon exposure to sudden and severe environmental changes. That adaptation and colonization of new ecological niches requires both survival of the initial environmental change and growth implies that codon reassignment could be selected if it induced the expression of new phenotypes that raise the growth potential under stress. This is critical because expression of the C. albicans ser-tRNA CAG in S. cerevisiae decreases the growth rate by 50% (Santos et al., 1996) , and such a negative impact on fitness can only be overcome if acquisition of the ability to grow in a new environment is more important than growth rate.
To determine whether genetic code ambiguity would allow for adaptation and colonization of new ecological niches, we investigated whether S. cerevisiae, expressing the C. albicans ser-tRNA CAG , could grow in the presence of lethal doses of heavy metals and drugs. For this, we inoculated agar plates containing gradients of increasing concentrations of cadmium, arsenite and cycloheximide and compared the growth performance of those cells across the gradients (Fig. 5A-C) . The data indicate that CUG ambiguity permitted growth in the presence of concentrations of those toxic compounds that were otherwise lethal to S. cerevisiae control cells not expressing CUG ambiguity. That is, despite their slower growth rate, cells expressing codon ambiguity had a significant selective growth advantage under these conditions. Therefore, the negative impact on growth rate caused by CUG ambiguity is not an impediment to the colonization of niches containing high concentrations of cadmium, arsenite and cycloheximide. Remarkably, acquisition of resistance to those toxic compounds by S. cerevisiae expressing CUG ambiguity mimicked the natural resistance of C. albicans to the same compounds (Fig. 4A-C) , giving further weight to our hypothesis that the natural resistance to stress of C. albicans evolved as a consequence of the genetic code change.
Discussion
Physiological alterations induced by CUG ambiguity create a competitive edge All organisms respond to environmental stress conditions by reprogramming their gene expression systems and by inducing physicochemical changes in their cytoplasm and membranes, which minimize the deleterious effect of stress. For example, S. cerevisiae, when exposed to high temperature, induces the synthesis of heat shock proteins ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 937-947 Fig. 4 . Effect of CUG ambiguity on S. cerevisiae superoxide dismutase activity. A and B. Total protein extracts were prepared from S. cerevisiae strain CENPK2 and C. albicans 2005E grown at 26ЊC and 30ЊC, respectively, in minimal media to an OD 600 of 0.6. The activity of CuZnSOD and MnSOD was determined spectrophotometrically by following the reduction of cytochrome C at 550 nm. To differentiate between the activity of CuZnSOD and MnSOD, lysates were incubated in the presence of KCN, which inhibits CuZnSOD. C. The effect of CUG ambiguity on the levels of SOD1 (CuZnSOD) and SOD2 (MnSOD) mRNAs was determined. Total RNA (30 g) extracted from cultures grown to an OD 600 of 0.6 was electrophoresed in 1.4% agarose gel and transferred onto nitrocellulose membranes by capillary action. Quantification of SOD1 and SOD2 mRNAs was carried out by scanning X-ray films. The ACT1 gene was used as an internal control. The percentage of mRNA represents an average of three independent measurements for each mRNA sample. and represses the expression of at least 300 proteins that are expressed under non-stress conditions (Miller et al., 1979; 1982) . Furthermore, heat shock also induces the accumulation of glucose and trehalose, the inhibition of glycolysis, alterations in the physical state of membranes and intracellular water, stimulation of the activity of the cyclic AMP-dependent protein kinase A (cAMP-PKA) and the plasma membrane ATPase (reviewed by Piper, 1993) . That such a wide spectrum of physiological changes are used for survival suggests that organisms have evolved highly sophisticated mechanisms for adaptation to a wide range of environmental challenges. The data presented above show that CUG ambiguity in S. cerevisiae can be used to create additional potential for adaptation, in that it results in the expression of a permanent preadaptation condition and the expression of new phenotypes that allow for growth under stress. This gives considerable weight to the 'ambiguous intermediate theory', which postulates that genetic code changes evolve through codon ambiguity (Schultz and Yarus, 1994) , in that CUG ambiguity creates an evolutionary edge that is required to drive its reassignment. However, the data do not exclude the possibility that other reassignments, namely those that occur in bacteria and mitochondria, have evolved through a neutral mechanism that excludes codon ambiguity. The non-assignment of both the arg-CGG codon in Mycoplasma capricolum, whose genome is AT rich, and the arg-AGA and Ile-AUA codons in Micrococcus luteus, whose genome is GC rich, provides strong evidence for a pivotal role of biased GC/AT pressures in codon reassignment. That is, different genetic code changes might have evolved through two distinct mechanisms, as proposed by the neutral 'codon capture' and the selectiondriven 'ambiguous intermediate' theories. Interestingly, the 'codon capture' mechanism appears to apply to some bacterial and mitochondrial genetic code changes, whereas the 'ambiguous intermediate theory' provides a better evolutionary model for the nuclear genetic code changes that occur in Candida spp., ciliates and Acetabularia.
The strong negative impact of ser-CUG decoding in S. cerevisiae and the possibility of triggering the general stress response through alternative mutations, which would have little or no negative impact on growth rate, such as mutations in the heat shock transcription factor hsf (Sewell et al., 1995) , suggest that the selective advantages created by the expression of the C. albicans sertRNA CAG should be viewed as a consequence rather than the main driving force of CUG reassignment. This raises the intriguing possibility that the ser-tRNA CAG provides an as yet unknown selective advantage, which is not related to the stress response. In this context, it will be interesting to elucidate the function of the ser-tRNA CAG in C. albicans in vivo. Nevertheless, our studies show that a constitutive stress response could have played a critical role in minimizing the deleterious effect of CUG ambiguity, and they provide an important insight into how organisms deal with genetic code ambiguity and how it can be exploited positively for adaptation.
ᮊ 1999 Blackwell Science Ltd, Molecular Microbiology, 31, 937-947 Fig. 5 . An S. cerevisiae strain expressing CUG ambiguity is resistant to heavy metals and drugs. Gradient plates containing (A) sodium arsenite, (B) cadmium chloride or (C) cycloheximide were prepared as described in Experimental procedures. S. cerevisiae AS24 grown overnight on minimal media plates was resuspended to a density of 1 × 10 7 cells ml
¹1
, and 2 l drops of cell suspension were spotted along the length of the gradient. Plates were incubated for 14 days at 30ЊC and photographed.
CUG ambiguity induces a novel set of stress proteins and the general stress response
The most distinctive features of the stress resulting from CUG ambiguity in S. cerevisiae is that it is generated in the cytoplasm and not outside the cell and is permanent and not transient. The stress response induced by CUG ambiguity is also distinct from heat shock in that only two of the 10 major proteins induced by CUG ambiguity are also induced by heat shock. Considering that the net effect of codon ambiguity would be the accumulation of misfolded and aggregated proteins, it is likely that the eight remaining proteins, whose identities are not yet known, are required for the recovery of mistranslated proteins. This is supported by our previous observation that the molecular chaperones Hsp-104 and Hsp-70, which are involved in protein disaggregation and folding respectively (reviewed by Craig, 1992) , are induced by ser-CUG decoding in S. cerevisiae (Santos et al., 1996) . Furthermore, activation of the stress response by CUG ambiguity provides strong evidence for the existence of a molecular sensor that detects protein misfolding and aggregation and transduces this information to the signalling pathways involved in the activation of the stress response. Interestingly, the stress response induced by CUG ambiguity is very similar to other forms of stress, in that it represses gene expression and induces cross-protection to a number of other stress agents, namely oxidants, heavy metals and drugs (Miller et al., 1979; 1982) . This indicates that cells expressing CUG ambiguity can survive with an altered proteome and that protein misfolding/aggregation alone might be sufficient to induce the general stress response. That cells expressing CUG ambiguity are viable indicates that the reprogramming of gene expression by the stress response does not affect long-term survival.
Understanding the stress response induced by CUG ambiguity at the molecular level is of critical importance if one is to elucidate whether genetic code changes create novel phenotypes such as resistance to stress. That the pleiotropic effects induced by CUG ambiguity are similar to those induced in S. cerevisiae by overexpression of the transcription factor Yap1p suggests that the latter might be activated by codon misreading (Wu et al., 1993; Gounalaki and Thieros, 1994; Wemmie et al., 1994a) . Indeed, the 30% increase in SOD1 mRNA (Fig. 4B) , a gene whose transcription is regulated by Yap1p, supports the hypothesis that YAP1 is upregulated by CUG ambiguity. YAP-1 is a bZip transcription factor whose overexpression induces resistance to several drugs, oxidants and cadmium through the activation of expression of stress genes such as YCF1, FLR1 and SSA1 (Szczypka et al., 1994; Wemmie et al., 1994b; Alarco et al., 1997) . Furthermore, the general stress response transcription factors Msn2p and Msn4p regulate expression of the Hsp-104-encoding gene through its STRE (stress response element) cis-acting element (Ruis, 1997) and, therefore, they might also be activated by CUG ambiguity. Further studies are required to confirm the activation of Yap1p and Msn2/4p and to identify the proteins induced by CUG ambiguity. It will also be interesting to determine how these genes are regulated in C. albicans.
Can genetic code changes provide novel mechanisms for adaptation?
Owing to their potentially catastrophic consequences, alterations to the standard genetic code have been viewed as aberrations of nature. The possibility that genetic code changes could represent a potential for adaptation has been overlooked, primarily because of their negative impact on growth rate and fitness. However, the data presented here show that genetic code ambiguity allows for increased tolerance to sudden and severe environmental changes and for growth under conditions that are lethal to parent cells not expressing CUG ambiguity.
Molecular phylogeny data show that CUG reassignment evolved 150 million years ago (Pesole et al., 1995) and imply that reassignment occurred in a Candida ancestor with a complex genome encoding thousands of genes. A codon ambiguity-based mechanism for CUG reassignment should have introduced thousands of deleterious 'mutations' in the proteome. In this context, one should also reconsider the perceived neutrality of the 'codon capture theory', in that it requires extremely high GC or AT pressure to eliminate codons from a genome (Osawa et al., 1992) . That the latter represents a significant mutational pressure affecting the entire genome (and not only the third codon position) suggests that the underlying force driving a 'neutral genetic code change' is also mutagenic and potentially deleterious. However, some of the mutations introduced at the translational and transcriptional levels, for example hypermutation in E. coli and Salmonella (LeClerc et al., 1996; Nichol, 1996) and the reversion of missense mutations by translational misreading in E. coli and S. cerevisiae (Sherman, 1982; Murgola, 1985; Suzuki et al., 1997) , can be advantageous. This suggests that genetic code changes should be considered in a survival and adaptation context and not as aberrations of nature.
Experimental procedures
Strains and growth conditions C. albicans 2005E (wild-type strain) and S. cerevisiae AS24 (a, 112, 373, trp1) and CENPK2 (a/␣, 112, his31/his31) were grown at 30ЊC in YEPD (2% glucose, 1% yeast extract, 1% peptone) or minimal media (0.67% yeast nitrogen base without amino acids, 2% glucose, 2% agar and 100 g ml ¹1 each of the required amino acids). All studies were carried out with S. cerevisiae AS24 except the measurement of the activities of the superoxide dismutases, which was carried out in the CEN-PK2 strain. Expression of the C. albicans ser-tRNA CAG in S. cerevisiae CEN-PK2 also induced tolerance to stress (data not shown).
Plasmids and yeast transformation
For expression of the C. albicans ser-tRNA CAG in S. cerevisiae, an EcoRI-SpeI DNA fragment containing the tRNA gene and its polIII terminator was subcloned from plasmid pUKC701 (Santos et al., 1996) into the single-copy vector pRS315 (Sikorski and Hieter, 1989) containing the geneticin resistance gene Kan r (Wach et al., 1994) . The resulting plasmid was named pUKC702-tRNA. The control plasmid (pUKC707-control) was pRS315 containing the Kan r gene only. Transformation of S. cerevisiae was carried out using the standard lithium acetate method (Gietz and Woods, 1994) .
Proteome analysis
Analysis of the S. cerevisiae proteome by two-dimensional PAGE was carried out using the Pharmacia Multifor-II system according to the manufacturer's instructions. First-dimension IEF electrophoresis was carried out on an 18-cm-long, nonlinear pH gradient from 3 to 10 using Immobilin dry strips (Pharmacia). The second-dimension SDS-PAGE was carried out using gradient gels from 12% to 14% (ExcelGel XL SDS 12-14; Pharmacia). Proteins synthesized were pulse labelled with [ 35 S]-methionine as described previously (Miller et al., 1979; 1982) with the following modifications. S. cerevisiae 5 ml cultures were grown overnight at 23ЊC in minimal media without leucine and methionine until they reached an OD 600 of 0.8. [
35 S]-methionine (500 Ci; > 1000 Ci mmol ¹1 ; ICN) was then added, and cultures were incubated for a further 30 min. For heat shock studies, cultures were transferred to 37ЊC, incubation continued for 20 min and then labelled for 30 min. Protein synthesis was stopped by incubating labelled cultures on ice for 20 min. Cells were harvested at 4ЊC and washed three times with cold sterile water. Pellets were frozen at ¹70ЊC overnight. Cell pellets were resuspended in 200 l of lysis buffer [13.5 g urea, 0.5 ml Triton X-100, 500 mg of dithiothreitol (DTT), 35 mg of phenylmethylsulphonyl fluoride (PMSF), 5 mg of Pefablock (BCL) and 25 ml of double-distilled H 2 O] as recommended by the manufacturer of the Multiphor-II system. Cell lysis was carried out with glass beads using 5 × 60 s periods of vigorous vortex mixing. Tubes were maintained on ice between each vortex mixing. Cell debris was removed by centrifugation at 14 000 r.p.m. for 15 min at 4ЊC. Incorporation of [ 35 S]-methionine into the protein was determined as described previously (Miller et al., 1979 ) using a Beckman LS6000TA scintillation counter.
Stress tolerance studies
Cells were grown at 30ЊC overnight to mid-log phase, OD 600 of 0.6-0.8 (1 × 10 7 cells ml ¹1 ), in minimal media without leucine. Tolerance to oxidative stress was determined as described previously (Jamieson et al., 1996) , and osmotic stress was studied as described previously (Varela et al., 1992) with the following modifications. For each experiment, survival to six different concentrations of plumbagin, hydrogen peroxide or NaCl was tested. For this, 1 ml aliquots of cells were transferred to sterile microfuge tubes, and the chemicals were then added. After 45 min of incubation at 30ЊC, cells were harvested by centrifugation at 6000 r.p.m. for 3 min at room temperature and washed with sterile water. Cells were resuspended in 100 l of YEPD from which a series of dilutions were prepared (1:10, 1:20, 1:40). Aliquots (100 l) of each dilution were then plated onto YEPD/agar, and cells were grown at 30ЊC for 48 h. Percentage viability for S. cerevisiae transformed with pUKC707-control and pUKC702-tRNA plasmids was calculated by counting the number of colonies for each appropriate dilution.
Resistance to cadmium, arsenite and cycloheximide was tested using gradient plates as described previously (Fling et al., 1991) with the following modifications. Gradients were prepared in 12 cm 2 plates (Greiner) by pouring 50 ml of minimal medium containing cadmium, arsenite or cycloheximide at the highest concentration to be assayed. Plates were then elevated at a shallow angle to form a gradient, and the agar was allowed to set at room temperature. These plates were kept at 4ЊC for later use. Minimal media without additions (50 ml) was then poured onto the plates, which were left on a level surface until the top agar was set. After drying, plates were inoculated along the length of the gradient by spotting 2 l of freshly grown cells. Plates were incubated at 30ЊC for 14 days.
Preparation and Northern analysis of mRNA Isolation of total RNA from S. cerevisiae was carried out as described previously (Brown, 1994) . Samples containing 30 g of total RNA were fractionated on 1.4% agarose gels after denaturation in 0.6 M glyoxal and 50% DMSO (Sambrook et al., 1989) , and blotted onto Hybond-N (Amersham International) membrane. Homologous probes for the ACT1, SOD1 and SOD2 genes (Gallwitz and Sures, 1980; Marres et al., 1985; Bermingham-McDonoph et al., 1988) were labelled with [ 32 P]-dCTP using the Multiprime DNA labelling system from Amersham International. Prehybridization was carried out at 65ЊC for 4 h in 10 ml of 3 × SSC and 2 × Denhardt's solution (0.1% SDS, 50 g ml ¹1 salmon sperm DNA). Hybridization was carried out for 16 h in the same buffer, and the Hybond-N membranes were washed twice for 15 min in 3 × SSC, 0.1% SDS at room temperature and then in 0.6× SSC, 0.1% SDS at 65ЊC until a clear background was obtained.
Determination of superoxide dismutase activity
MnSOD and CuZnSOD activities were quantified as described performed (Flohé and Otting, 1984) . Cells were grown overnight at 30ЊC in 50 ml of minimal medium without leucine to an OD 600 of 0.6. Cells were washed with 1 ml of 50 mM phosphate buffer containing 0.1 mM EDTA, pH 7.8, harvested at 4ЊC and the pellets resuspended in 300 l of fresh phosphate buffer. Cell lysis was carried out with glass beads as described above. Supernatants were dialysed overnight at 4ЊC in phosphate buffer. Protein levels were determined according to the method of Lowry et al. (1951) .
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